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5«if-^ilgned doping of 8ourDa<lrain contacts 

This invention relates to solution processed devices and methods Ibr forming such 
devices. 

Semiconducting conjugated polymer thin-film fransistore (TI=Tb) have recently 
become of Interest for applications in cheap, logic circuits intagrated on plastic 
substrates (C. Drury. et al.. APL 73, loa (1998)) and optoelectronic integrated 
devices and pixel transistor switches in high-resoiutlon active-matrix displays (H. 
Sirringhaus, et al., Science 280, 1741 (1998). A. Dodabalapur. et ai. Appl. Phya. 
Lett. 73, 142 (1098)). in test device configurations with a polymer aemioonductor 
and inorganic metal diectrodes and gate dielectric layers high-performance TFTs 
have been demonstrated. Charue carrier mobilKies up to 0.1 cm^/Vs and ON-OFF 
current ratios of 10'-10® have tiean reached, which is comparable to the 
performance of amorphous eilfoon TFTa (H. Sirringhaus, et el.. Advances In Solid 
State Physics 39. 10t (1999)). 

In PCT/GBOO/04934 techniques are disdosad that allow fabrication of polymer 
TFTs by a comblnafton of direct printing and solution processing. These 
manuftcturing techniques are Inherently lower cost than inorganic semioondudor 
manufacturing techniques based on vacuum deposition and photollthographte 
patterning, and ara well suited for fabrication of low cost electronic circuits on 
large areas and flexible substrates. 

One of the key t^ctors that determines the perlbrmance of a polymer TFT is the 
parasitic contact resistance associated with the Injection of charge carriers from 
the source electrode into the accumulation layer at the semiconductor-dielectric 
interface as well as the transport of the exiting charge carriers from the 
accumulation layer to the drain electrode. A finite oontact resistance resufts in a 
fraction of the applied source-drain voltage dropping across the contacts and In a 
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corresponding reduction of the transistor current, and the linear field-effect 
mobility, respectively. This is particularly rslevant i'n the so-called linear regime of 
the transistor where the source-drain voltage Is small compared to the gate 
voltage. A suppression of the current in the linear regime signrficantly degrades 
the svi^itching speed of the TFT. In an active matrix display application, for 
example, the linear operating regime of the translator determines the svkfitching 
speed, as the voltage difference between the signal on the data line, and the 
voltage on the pixe[ to be addressed approaches zero. 

Several factors may contribute to the source and drain contact resistances. 

- The conductivity of the conducting material that is In contact with the 
semiconducting polymer end forms the source and drain contacts. 

The existence of Insulating layers on thd «urFaca of the Gouroe-drain 
contacts, euch as unintentional oxide layers. 

- At most metal-semiconductor interfaces a potential banler exists. The 
shape of this potentiai barrier Is determined by the difTerence between the 
Fermi energy of the metal and the lonlsatlon potential (p-type 
semiconductor) and electron affinity (n-type). respectively, the Image force 
experienced i3y a charge carrier in the semiconductor by image charges on 
the surface of the metal, aa wed as by the applied electric field. In normal 
operation of the TFT this so^^called Schottky diode is reverse biased at the 
source, and forward biased at the drain. 

- In a device configuration where the source-drain contacts are formed on 
the same side of the semiconducting layer as the accumulation layer (see 
Figure 1(a)) the Schottky potential barrier results in a short region between 
both the source and drain contacts and the accumulation layer In the 
channel in which no aocumulation Is possible, and In which the carrier 
concentration Is tow. In this region the cument Is ultimately limited by 
space-charge limited bulk conduction. 
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- In a device conffguration where the source-drain oontacts are formed on 
the opposite side of the accumuiation layer (see Figure 1(b)) transport 
needs to occur through una€:cuniulated bulk of the semiconducting 
polymer layer. To minimize this oontribution to the contact resistance the 
thickness of the semiconducting polymer film should be as small as 
possible. 

In any particular device configuration several of the above factors might be 
contributing to the contact resistance, and the total parasitic contact resistance 
might be considered to be made of a series combination of the individual contact 
resistances associated with the different factors. 

One of the tochniquae that has been applied eucceseflilly to minimize oontact 
resistance in Inorganic semiconductor devices such as amorphous silicon (a-Si) 
TFTs Is the use of highly-doped p* and n* semiconductor contacts. In the so- 
called inverted-staggered (bottom-gate) configuration of an a-SI TFT. the intrinsic 
a-Si semiconducting layer Is fonried directly on top of the SiN dielectric layer. 
Then a highly doped n^ a-Sr layer is deposdted followed by the deposition of a 
metal layer such as Cn The Cr and n^ a-Si layer are then patterned by 
photolithography and subsequent wet (Cr) and dry etohing (n'^ a-Si). In this 
structure efncient electron injection into the intrinsic a-8i layer is from n"^ a-Si 
source/drain contacts with Cr Interconnects. The use of a highly doped 
semioonductlng contact of the same material from which the semioonducting 
channel Is fomied minimizes both the height of the potential barrier and the width 
of any earner depleted region at the contacts, and results in efficient carrier 
Injection. 

For Inorganic semiconductor devices formation of the highly doped p^/n* contacts 
to the Qemiconductar is g^uelly associated with addrtjonal pnocassing steps such 
as deposition of a highly doped layer, ion implantation steps and additional 
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patterning aieps. For polymer TFTs such processing Steps are often difficult to 
perfbrm, partly because of polymer degradation during ion impiantatron or solvent 
compatibility problems associated with photolfthographic patterning. Furthermore, 
in general techniques to perform controlled doping with well-defined doping 
profiles are not established for polymer sennloonductorB. 

In the current application we disclose a polymer transistor with highly doped p+/n+ 
source-drain contacts and controlled doping profiles, and methods Tot fabricating 
such sourcesJrain contacts In such a way that the p+/n+ source-drain contacts are 
self-aligned With the metallic interconnects and electrodes of the device, and no 
additional patterning step is required. 

Features and preferred features of the present Invention are set out in the 
accompanying claims. 

Preferably the conductivity of the organic semloonducfing material Is enhanced by 
doping throughout the intertaclal layer. Most preferably the doping ooncentration 
throughout the Interfacial layer is higher than lO^^cm"^. 

Preferably the ihterfaclal layer is doped from the mafBrial of the conductive 
electrode adjacent the interfacial layer, most preferably by a component of that 
material. 

There Is suitably a layer of an organic semiconductor material In between the 
electrodes. The conductivity of the interfacfal region is suitably enhanced relative 
to that of the remainder of the organic material and/or relative to its conductivity 
prior to doping. 
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T7i8 semiconductor layer preferably contacts both of the first and second 
electrodesp The semiconductor layer may comprise a plurality of semlcondudor 
materials, which may be mixed or segregated. 

The invention will now be described by way of example with reference to the 
Ibllowing figures: 

Figure 1 shows conventional bottom-gate (a) and top-gate (b) configurations for a 
polymer TFTs. 

Figure 2 shows the pr):K)ess for fabricating a toi^gate polymer TFT with highly 
doped source-drain contacts fcnned by deposrting a solution of a semiconducting 
polymer onto a previously deposited pattern of a conducting polymer. 

FiguHB 3 shows the process for fabricating a top-gate polymer TFT with highly 
doped source-drain contads by d^ositing a solution of a semiconducting polymer 
onto a previously deposited pattern of an inorganic metal deposited from solution. 

Figure 4 illustrates possible mechanisms for doping of a conjugated polymer in 
the presence of a poiystyrene sulphonic acid counterion (A - protonetion doping; B 
- doping by hole injection, C - direct doping ). 

Figure 5 shows a method for Increasing the surface roughness of the conducting 
electiX>de by adding a surface active polymer or molecule to the inic of the 
conducting electrode, that can be redissolved selectively. 

Figure 6 shows a method fbr farming a self-aligned layer of dopante on the 
surfece of the electrode by mijcing a surfactant Into the ink of the conducting 
electrode. 
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Figure 7 shows a method for forming a layer of dl-blockcxjpolymer on the surface 
of the electrode material, the blookcopolymer consisting of a conducting tilock A 
and a semiconducting block B. 

In ona embodiment of the present Invention (Figure 2) a pattern of a conducting 
polymer 11 and 12 is first deposited onto the substrate. Doposition of the 
conducting polymer is preferably from aolution. Examples for suitable deposition 
techniques are spin-coating, bladeKx>ating or direct write techniques such as 
Inkjet printing, offset printing or screen printing. The orrBcal features of the 
conducting polymer pattern can be defined, for example, by photolithography or 
by solution deposltton onto a high-resolution surface energy pattem 10 contahiing 
solution-repelling regions of low surfiace energy (PCT/GBOO/04934). However, 
other patteming techniques might be used as well. The critfcEii feature size 
between the conducting polymer patterns far source and drain 11 and 12 is 
preferably less than 20 fjum. The conducting polymer can be in contact with an 
interconnect line 8,9 of an inorganic metal with a high conductivity, such as slh^er, 
copper, gold, tungsten, tantalum or Indium tJn oxide. The latter might be deposited 
and patterned by conventional vacuum deposition and photolithography although 
it is preferred If the inorganic metal is also deposited from solution, for example, 
using a nanoparticle dispersion or a chemical precursor* Deposition fachnlques 
such as Inkjet printing, screen printing, electroiess plating, laser fonA^ard transfer 
printing (UK 0116174.4) or other deposition and patceming techniques can be 
used. Inorganic metals can be solution deposited using, for example, from 
nanoparticle dispersions or chemical precursor solution. Usually, an annealing 
step is required in order to bring the as-deposited material Into a hlgh-conducUvtty 
state. In many applications of polymer TFTs a high conductivity metal to 
interconnect TFT devices or to connect the TFT devices/circuits to the outside 
world is required because conducting polymers have conductivities less than 1000 
S/cm which is not sufficient for applications which require long interconnect lines 
and/or fast switching operatton. 
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An alternative structure te shown in Figure 3. in this case the semiconducting 
polymer \s in direct contact with the high oonductivity rnteroonnects/electrodee 8,9 
without the intermediate conducting polymer electrode. 

After depositing the conducting polymer pattern a solution of the eemiconducting 
polymer 14, and 20» respectfvely, ie deposited eubsequently. Deposition 
techniques such as spln-coatlng. blade coating, dip coating, or direct write- 
technlques such as inlcjet printing, screen printing, or offset printing may be used. 
After deposition of the semiconducting polymer the TFT device is completed by 
deposrtlon of the gate dielectric layer 17 and the gate electrode 16. For the 
deposition of the gate electrode direct write techniques for conducting polymers or 
inorganic metals, such as inlcjet printir^g, laser forward transfer printing, offset or 
screen printing may be used, as well as more conventional photolithography or 
other patterning techniques. The semiconducting layer might t>e either patterned 
into an active layer island (as in Rgure 2 and 3) or it may be deposited as a 
continuous film over the substrate (as in Figure 5 to 7). 

A conducting polymer consists of a conjugated polymer that is doped by mixing it 
with a counterion that is capable of either directly oxidizing (p-type> or reducing (n- 
type) the conjugated polymer or tliat is capable of stabilizing mobile charges on 
the chains of the conjugated polymer tfiat have Deen generated during the 
synthesis of the conjugated polymer. The counterion can be a small molecular 
dopant or a polymeric dopant. Examples of polymenc dopants that are capable of 
oxidizing conjugated polymers such as polyethylenedioxythiophene (PEDOT) are 
poly(styrene sulfonic add) (PSS), poiy(ethylene-co-methacrylic acid) (PEMAA)» or 
poly(acry[ic acid) (PAA). in many cases a counterion with a relatively high 
molecular weight is desirable because a higher molecular weight reduces the 
tendency of the counterion to diffuse out erf the wnducting polymer layer Into 
other layers of the device, which can give rise to undesirable changes of device 
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characteristics under long-time operation. It Is known that at the direct Interface 
belween PEDOT/PSS and many aemlconduding conjugated polymerB the acidic 
PSSH groups result doping of the semiconducting polymer the Is in direct contact 
with the PEDOT/PSS surface (Arias, Phys. Rev. B 60. 1854, 1999), 

It has baan shown by Sirrlnghaus e* aL (Science 290. 2123 (2000)) that polymer 
TFTs fabricated with poly(d[octylfluorene-co-bfthiophene) F8T2 and PEDOT/PSS 
sourcc'driain electrodes exhibit a lower contact resistance than devices fabricated 
With gold source-drain electrode, although PEDOT has a slightly lower 
workfunction than gold. This observation Is interpreted es being due to the 
formation of a doped interfaclal Jayer at the PEDOT/PSS - F8T2 interface. 
However, in the case of PEDOT doped with a polymeric oounterion of PSS this 
interfacial region is very narrow, since the PSS polymeric counterlon cannot 
diffuse Into the semiconducting layer, I.e. doping Just occurs in the region where 
the eemloonducHng polymer is In direct contact with the PEDOT/PSS. 

The subject of the present appllcaflon is to disclose techniques by which such 
naturally occumng doping can be enhanced and an interfadai region IS and 16 of 
finite thickness (Figure 2) of the semiconducting polymer around the conducting 
polymer electrodes 1 1 and 12, respectively, is formed, that Is highly doped. These 
self-aligned, hghly doped regions 15 and 16 then act as highly efficient injecfang 
source and drain contacts into the intrinsic semiconducting polymer in the channel 
of the TFT. 

According to a first aspect of the present invention a method Is disclosed by which 
a highly doped interfacial layer is fbmied when the semiconducting polymer is 
deposited on top of a metallic interconnect that contains a dopant molecule that is 
able to diffuse out of the metallic Interoonneot Into the semiconducting polymer. 
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In one embodiment of the Invention an ollgomeric dopant molacule is added to a 
conducting polymer ink fonnuiation such as PEDOT/PSS that form the source- 
drain interconnects. In the case of PEDOT/PSS a suitable dopant molecule ie an 
oligomer of PSS, that is sufficiently short, that it is able to diffuse into the 
semiconducting layer. 

Without wanting to be bound by theory possible mechanism for this doping 
mechanisms are Illustrated in Figure 4^ In Figure 4A the doping mechanism fs 
chemical doping, that occurs by protonation. In Rgure 4B, the doping occurs 
during operation of the device when hole carriers are Injected irtto the device from 
the elecbodeSi and are stabilized on the polymer chain by the favourable 
electrostatic Interaction with the negative counterions on ttie PSS. In Figure 4C 
doping occurs by direct oxidation of the polymer by the acidic negative SO3 
functional giioups of the PSS. 

We have also found that in double layer structures In which a semiconducting 
layer is deposited on top of a layer of PSS a significant increase of the 
conductivity of the F8T2 occurs, in these experiments the PSS was enneaied at a 
temperature of 200^ prior to deposition of the F8T2 in order to minimize any 
ionic current flow in the PSS. Whita reference films fabricated with pure FBT2 as 
well as pure PSS showed very low conductivity, the F8T2/PSS bilayer films 
showed significant level of conductivity, indicative of doping at the PSS/F8T2 
interface. These experiments yield evidence that even the direct doping reaction 
(Rgure 4C) of FST2 in the presence of PSS might occur. 

According to the preferred aspects of the present invention, a significant 
improvement of the contact resistance can be achieved by mixing a counterion 
dopant into the conducting polymer Ink that is able to diffuse Into the 
semiconducting polymer forming e highly doped interfacIaJ region with a finite 
thicioiess exceeding 1nm. in one embodiment of the invention the diffusion of the 
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dqpant can De Incfuced during an annealing step at elevated tempdrature of 
typically 50-300 ®C after the deposition of the senilcsonducting polymer. In order to 
enhance the mobility of the dopant such annealing step can also be perfomied 
under a sofvent atmosphere. The dlffusfon profile can be controlled with the 
molecular weight of the dopant moleculCr The lower the molecular weight of the 
dopant the deeper the diffusion profile. In many oaeea there la et compromlae 
between efficient source-drain injection, and other perfomiance attributes of the 
device suc;h as low OFF current, and device stability. In one embodiment of the 
invention the counterlon is an oligomer of styrene eulphonic acid. ethy[ene-co- 
methacrylic acid or acrylic add. The number n of monomer units of the oligomer 
can be chosen such as to achieve the desired diffusion pnoflle at the annealing 
temperature at which the diffusion is driven, N should be sufficiently large that 
under typical operating condftfons of the device no -further significant diffusion 
occurs, end that the width of the doped region surraundmg the conducting 
polymer eiectrodss is small compared to the channel length, he. typically less than 
10% of the distance between the two conducting polymer electrodes. 

An alternative method to drive the diffusion of the dopants into the semiconducting 
layer is to apply a cunent stress to the device, such that positive (negative) 
charge carriers are injected into the device from the source-drain electrodes. The 
presence of a space charge of injected carriers near the electrodes will enhance 
the diffusion of negatively (positively} charged dopants out of the electrodes, as 
the eiectrosiatic repulsion that they would othenwise experience can be 
compensated for by the presence of the op]X)Sitely (barged injected earners. 

An alternative method to induce the diffusion is to deposit the semiconducting 
poiyrner from a soiutlon in a solvent or a mii^dure of solvents in which the dopant 
has a small, but finite solubility, such that during the deposition of the 
semiGonduoting polymer dopant molecules near the surface of the conducting 
polymer electrodes are dissolved Into the solution of the semiconducting polymer 
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and diffuse Into the semiconducting polymer. In this case the diffusion profile can 
be contjX>lied with the solubfllty of the dopant molecules In the solvent of the 
semiconductor ink. The solubility should be sufficiently small that the dopant 
molecules are not uniformly distributed In the solution of the semiconducting 
polymer. The dissolution rate should be suffiolentiy small that dissolution 
effectively occurs in the later stages of flim growth where the characteristic time 
constant for diffusion of dopants in the concentrated semiconductor solution is 
smaller than the time constant associated with the drying of the film. 

Examples of such dopants are molecules containing both polar and apolar side 
chains. The requirement Is that the dopant molecule is soluble both in a solvent 
that is misolble with the solvent that Is used for the deposition of the conducing 
polymer, and in a solvent that is misclble with the solvent that is used for the 
deposition of the semiconducting polymer. Altematively, the codepositlon of the 
conducting polymer and the dopant molecule can be performed using surfactant 
additives to the conducting polymer inic« The aliphatic tails of the surfactant 
etabilize, for example, a nonpolar dopant molecule inside a polar solution of the 
conducting polymer such as a water solution of PEOOT/PSS. 

The methods desc^bed above can also be applied in order to enhance the 
injection into the semiconducting material from inofiganrc electrodes solution- 
deposited using nanoparClcle or chemical precursor Inks. 

According to a second aspect of Ihe present Invention a method is disclosed by 
which the source-drain injecHon efRcl^ncy ts improved by modification of the 
surface roughness of the electrode to promote interfaclal contact between the 
metallic electrode and the semiconducting layer. In contact with a microporous 
electrode the inter^cial area that fs available for charge injection into the 
semiconducting polymer can be increased signrficantly. This is partlculariy 
imfwrtant in device configuration in which the source-drain electrodes and the 
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accumulation layer ane on the same side of the semiconducting polymer film, 
becaude in such configurations the injected current flow is confined to a very thin 
layer at the interface between the electrodes and the gate dielectric. Furthermore 
in the case of an electrode at which there is a doping interaction between the 
semiconducting polymer and the material of the conducting electrode, such as in 
the case of PEDOT/PSSp the iarger the interfiaciai contact area is the more 
efficient the doping of the semiconducting polymer in contact with PSS. 

The surface roughness of the electrodes can be enhanced prior to deposition of 
the semiconducting material by a variety of techniques such as oxygen plasma 
etching or mechanical treatment of the electrodes such as mechanical rubbffig. In 
one preferred embodiment of the invention a polymer additive is mixed into the 
solution of the conducting material (see Figure 5). The polymer addftive Is chosen 
su(A that upon drying it forms a phase separated networic with the conducting 
material 22^3. The polymer might also have a tendency to phase separate 
vertically. An example of such a polymer additive is polyvtnylphenoi (PVR) that 
can be codeposited with PEDOT/PSS from a solvent mixture of water and 
JSopropanoL A suitable concentration of PVP:PEDOT/PSS is 10%. Prior to 
deposition of the semiconducting polymer the polymer additive near the surface of 
the electrode Is redissolved by exposing the surface of the electrodes to a solvent 
in which the conducting material (s not »luble. but in v^ich the polymer additive 
Is soluble, such as Isopropanol in the case of dried PEDOT/PSS. In this way a 
microporous surface 24 is fonmed. The porosity, and the depth of the porous layer 
can be controlled with the original phase separated microstructure {that can for 
example be controlled by annealing tnsatment or suitable dioioe of solvents), by 
the time and temperature conditions of the solvent exposure step, or by the choice 
of the eolveni When a semiconducting polymer is deposited subsequently onto 
such a microporous eie<drode, it penetrates into the pores on the surface and 
comes into intimate contact wKh the conducting electrode material resuEtIng in 
enlarged interface area as well as doping efficiency. 
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It should be pointed out however, that the micro-foushnass of the electrode 
needs to be sufficiently small that other device performance attributes such as 
lealcase currents throuflh the dielectric layer or the uniformity of film deposition of 
the semiconducting material are not adversely affected. 

Accordlnsa to another aspect of the present invention a small concentration of 
semiconducting polymer is added to the ink of the cxjnductlng meterial, either by 
directly dissolving the senraconducting material in the conducting ink solvent, or by 
mixing in a oosolvent misdble with the solvent of the conducting ink, or by 
dispersing the semiconducting material inside the conducting polymer ink using a 
surfactant. When the ink dries after depositton, the semiconducting polymer has a 
tendency to segregate to the surface (due to tte less polar nahira). and near the 
surface a mixed layer of conducting and semiconducting material Is formed in 
which effective doping of the semiconducting material ocoura. The 
semiconducbng polymer maybe the same polymer that is used as ttie active layer 
of the device, or K may be a different polymer. 

According to yet another aspect of the inventkm a method is disdosed by which a 
self-eligned layer of dopants and/or layer of defined surface charge Is formed by 
mixing the Ink of the conducting electrode material with a surface active molecule, 
or by selectively modifying me surface after deposition of the conducting 
electrodes. 

In one embodiment of this aspect of the invention (Figure 6) the Ink of the metallic 
electrode material 27 is mixed with a surfactant dopant or with a dopant molecule 
that is stabilized within the conducting ink with the help of a suriactanL A 
surfactant dopant is a molecule that comprises both a polar head group as well as 
a non-polar aliphatic or fluorinated tail group. The polar head group can provide 
the dopant functionality directly, or the dopant functtonality can also be 
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InGorpofBtsd by attaching a funodonal group to the surfactant that is capable of 
oxidizing or reducing the semiconducting polymer. The surfacftant molecule Is 
surface active and migrates to the surface in order to expose its aiiphatic tails to 
the surfaGB and the Auriaee energy, in this vray a seif-aiigned surface iayer 
of dopant molecules 28 is formed on the surface of the electrodes 26, 27. 

In the case of l=tDOT/PSS and p-type doping of the semiconductor a suitable 
surfactant dopant is sn anionic surfactant that contains a n^aHvely enlarged 
suiphonic acid head group, and an allcyl or fluoioaiicyi side chain, in the case of n- 
doping a prefen^d embodiment of the invention is a cationic surfactant tiiat 
contains a positively charged head group, and an alicyl or fluoroalkyl side chain. 
Suitable surlactants are known In the literHture. The concentration of the 
surfactant in the conducting Ink should be chosen in order to maximise the 
surface activity of the surfactant and minimize any Interactions of the surfactant 
wrth the conducKng material^ that might deteriorate the conducting properties, in 
one preferred embodiment of the invention the concentration of the surfactant Is 
chosen to be near the critical micelie concentration. 

The molecular weight of the surfactant should be chosen tn order to maximise the 
surface activity, while at the same time ensuring that the thin layer of nonpolar, 
insulating tails of the surfactant does not afiect adversely the charge injection. The 
molecular we^ht should be high enough in order to prevent uncontrolled diffusion 
of the surfactant Into the other layers of the device- In one prafened embodiment 
of the Invention the surfac^nt Is a poiymerte surfactant. 

In another embodiment of the invention the surfactant is a surfactant that is not a 
direct dopant, but a surfacfcant that has a permanent dipoie moment, such as an 
amphoteric surfactant or (in the case of hole Injection) a cationic surfactant with a 
strongly electronegative tail group such as a fluorlnated tali group. On a negatively 
chaiged PSS-rich PEDOT/PSS Surface flie positive head groups of the surfactant 
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are directed towards the surface such that the dipole rnoment of the surfactant is 
helping the hole injection process. 

In contrast to the familiar modification of metal surfiace by exposure of the surface 
to thiol-based self-assembling molecules the surfactant layer fbmris automatically 
during the deposition proceoe of th^ conducsting electrode, and is self-aligned with 
the conducting electrode. The interaction of the surfactant with the polymer 
surfaces is of an ionic origin, and provides a means for achieving a densely 
packed surface layer of surfactants in contrast to thiol or trichlorosilance based 
self-assembling molecules that require specific funcHona! groups on the surface 
for binding, and on polymer surfaces usually do not grow into densely padwd 
layers. 

In an alternative embodiment of this aspect of the invention the surface layer of 
dopants or dipolar surfactants is deposited selectively onto the surface of 
predeposited conducting electrodes. Selective deposition Implies that the dopant 
deposits only on top of the conducting electrodes, but not on top of the bare 
substrate surface. In particular not in the channel of the TFT. 

In one embodiment aoloctive deposition is achieved by depositing an Ionic dopant 
from solution or from the vapour phase onto the charged surface of a conducting 
polymer electnade whDe the bare substrate surface is elttier uncharged or charged 
with the same polarity as that of the Ionic dopantteurfactant. The substrate surface 
can be modified accordingly by deposition of a self-assembled monolayer prior Id 
the deposition of the conducting electrode. This ensures that deposition of the 
dopant is selective and only occurs on top of the conducting electrode. The 
conducting polymer PEDOT/PSS consists of a blend of a positively charged 
conjugated polymer (PEDOT) artd a negatively charged counterion (PSS). This 
results in & surface that exposes a large number of charged groups that can be 
used to bind the dopant molecules by eleclnsstatic interaction. The PSS 
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component has a tendency to surface segregate, resulting tn a negatively charged 
surface, ?n particuiar after annealing of an as^deposited PEDOT/PSS film at 
temperatures exceeding 1 50°C. 

One of the techniques that can be used to self-assemble a surface layer of 
dopants onto An electrode of PEDOT/PSS Is that of polyalactrolyta self-assembly 
[Decher, Science 277, 1232 (1997)]. PolyelectnDlyte self-assembfy has been used 
previously to lmpn:>ve the charge Injection Into a polymer light-emitting diode by 
building a graded injection multilayer structure with a sequence of polymer of 
increasing energy gap in order to reduce the injection barriers from the anode into 
the hole transport layer (Ho, Nature 404, 481 (2000)). Here we disclose a 
technique by which a self-assembled doped layer can be formed using 
pQlyelectrolyte self-assembly. The PEDOT/PSS is prepared with a well-defined 
surface charge, either by inducing the segregation of either the FS8 or the 
PEDOT competent to the surface or by treating the surfiacd with a self-assembled 
monolayer comprising a charged tail group. Such a charged surface is then 
dipped into a polyelectrolyte solution comprisina an ionic polymer with charged 
groups that bind to the charged groups on the PEDOT/PSS surface. This process 
can be used to build multilayer structures consisting of alternating layer of 
poiyanions and poiycations. The potyanions and polycations are chosen such tiiat 
they exhibit conducting or semiconducting properties in order not to result in a 
barriers for charge tran^»rt One or mons of the polyanion or polycation layers, 
most preferably the outsnnost layer, comprises functional gnsups that are able to 
oxidize/reduce the semiconducting polymer, in the case of PEDOT/PSS such 
functional group can be a group of s^rrene sulphonic acid, and the polyanion may 
be PSS itself. 

Acoording to yet another aspect of the Invention a device Is disclosed in which the 
injection efficiency is enhanced by assembJing a layer of a oonductlng- 
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8enilcx>nductlng blocteopolymer on the surface of the metallic interconnect prior to 
deposition of the eemiconducting layer. 

The di-blodccopoiymer consists of a first conducting or at least easiiy oxidizable 
(reducibte) blocl^ A with a low ionisation potentlai (high eiectron affinity, 
respective[y)p and of a somlconducting Uocic B with a high lonisatlon potential (low 
electron affinity) (Figure 7). In a preferred embodiment of the invention the 
semiconducting blocic is of the ^me chemical stmcture as the semiconducting 
polymer that fonns the active layer of the TFT. The semiconduc^ng block may for 
example be an oligomer or polymer of regbreguiar hexyithiophene or dioctyi- 
fjuorene-co-bithiophene. The conducting block maybe an oligomer of ethylene- 
dioxythlophene. 

The blockoopoiymer is assembled in a lamellar structure onto Oie surEace of the 
conducting electrode in euch a way that the conducting blocK A Is directdd 
towards the bulk of the conducting electrode, and the semlcondudlng block B is in 
contact with the semiconducting layer. 

Without wanting to be bound by theory the mechanism for the Improved injection 
rn this case is believed to be the existence of a covalent bond and the generally 
close contact between the conducting and semiconducting block, that will fiaciiitate 
doping and/or charge Injection from the conducting Into the semteonducting 
material 

In one embodiment of this aspect of the invention the lamellar structure can be 
fabricated by mbcing the blockcopoiymer Into the conducting ink and inducing a 
vertically phase separated structure upon drying with the apolar semiconducting 
block Of the blockcopoiymer segregated to the surfiace. The apoiar nature of the 
semiconducting block and the more polar nature of the conducting block will 
favour such vertically phase separated in which the surface energy is lowered by 
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exposing the apolar semiconducting block to the surface. In another emtxjdiment 
of the invention the iamellar suiface layer of the biockcopGlyiTier 1^ deposited 
selectively after the deposition of the conducting electrodes by techniques 
analogous to those described above, by making use of the binding of the polar 
block to the surface of the conducting eiectiode. 

In a preferred embodiment the blockcopolymer is a di-blockcopoiymer. However, 
tri-btockcopolymers or higher blockcopolymers may also be used. 

The methods for improving earner injection into organic semioonductore disdosed 
in this invention can be used for the fabrication of high performance TFT. as well 
as TFT circuits such as logic circuits, sensor circuits, and active matrix displays. 
They may also be used in other organic electronic devices which require efficient 
electron and hole Injection such as light-emitting diodes, or rectifying diodee. 

The techniques can also be applied to devices in which the semiconducting 
material Is an inorganic semteonductDr deposited from solution, such as silicon or 
CdSe deposited using chemical precursor solutions or nanocrystal dispersions. 

The present invention is not limited to the fbragoing examples. Aspects of the 
present invention indude all novel and/or inventive aspects of ^e concepts 
described herein and alt novel and/or inventive comUnations of the features 
described herein. 

The applicant draws attentbn to the fact that the present inventions may indude 
any feature or combination of features disdosed herein either implicttiy or 
explicitly or any generalbation thereof, without limitation to the scope of any 
definitions set out above. In view of the foregoing description it will fc>e evident to a 
person skilled in the art that various modtfiGations may be made within the scope 
of the inventions. 
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CLAIMS 

1. An electronic device comprising a substrate, a first conducting slectrDde, a 

ss^^nd sondustif^^ vJ^vMvCid wp£w?d ^wSjT frsrr! this ss'^cnd wCridLsctsn^ 
electrode, a layer of an organic semicandudor material In between the first 
and second conducting electrodee, the organic Bemloonductor material 
compriefng an interfaclal region at Its interface with at least one of the first 
or second electrode In which the conductivity of the organic 
semiconducting material is enhanced by doping. 

2. An electronic device as claimed !n claim 1 in which the thickne&s of said 
Interfeoiai layer ie larger than 1 nm, 

3p An electronic device as dalmed in claim 1 and 2, in which the doping 
concentration in said intarfaciai layer is higher than lO^^cm'^ 

4. An electronic device comprising a subatrate, a first conducting electrode, a 
second conducting electrode spaced away from the second conducting 
electrode, a layer of an organic semiconductor material In between the first 
and second conducting electrodes, the organic semiconductor material 
comprising an interfaclai region at rta interface with at least one of the first 
or second electrode, and said organic semiconductor materiel comprising a 
biockcopolymer with a conducting bfock and a semiconducting block. 

5. An electronic device as claimed in any preceding claim in which at least 
one of said first or second electrodes comprises a conducting polymer 

6. An electronic device as claimed in claim 5 in which said conducting 
polymer Is PEDOT/PSS, 

7. An electronic device as claimed in any of daims 1 to 4, in which at least 
one of said first or second electrodes comprises an Inorganic metal that is 
deposited from a solution. 

8. An electronic device as ciaimed in claim 7, in which said inorganic metal is 
silver, gold, or copper 
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9. An electronic device as claimed in any preceding claim in which the first 
and second electrodes form source and drain eleotrcdae of an electronic 
switching device. 

10. A method for fomning an electn:>nic device comprising a substrate, a first 
conducting electrode, a second conducting electrode spaced away from 
the aeoond conducting electrodei a layer of an orgsnio semiconductor 
material in between the first and second conducting electrodep the organic 
semiconductor material comprising an intertacial region at its interface with 
at least one of the first or second electrcide in which the conductivity of the 
organic semiconducting material is enhanced by doping, the method 
comprising depositing at least one of the first or second electrodes from a 
solution including a dopant for said organic semiconductor that is able to 
diffuse into the organic semiconducting layer to fomi the said region. 

11 -A method as claimed in claim 10, comprising the step of annealing the 
substrate alter the deposition of both the first or second electrode and the 
layer of organic semiconductor. 

12. A method as claimed In claim 10 or 11, wherein said dopant is an oligomer 
of an oi^anlc molecule comprising an acid functional group. 

13. A method as claimed in claim 12, wherein said oligomer is an oligomer of 
an organic molecule containing a sulphonic add group. 

14. A method for fomilng an electronic device comprisiriQ a substrate, a first 
conducting electrode, a second conducting electrode spaced away from 
the second conducting electrode, a layer Of an organic semiconductor 
material in between the first and second conducing electrode, the onganlc 
semiconductor material comprising an Interfacial region at its Interface with 
at least one of the first or second electrode and said layer of organic 
semiconductor in which the conductivity of the organic semiconducting 
material is enhanced by doping, the rnethod comprising forming at least 
one of the first or second conducting eiediode, increesing roughening the 
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surface of the said at least one of the first or second conducting electrode, 
and subsequentlydepositing the layer of Oi^anlc semiconductor material. 

15. A method as claimed in claim 14, comprising the step of depositing at least 
one of the first or second electrodes from a solution including a conducting 
material and a polymer, and exposing the surface of the substrate after 
deposition of the first or eopond electrode to a solvent in which said 
polymer is soluble, wherein the conducting material fomis the said at least 
one of the first or second electrodes. 

16. A method for forming an electronic device comprising a substrate, a first 
conducting electrode, a second conducting electrode spaced away from 
the second conducting electrode, a layer of an organic semiconductor 
matariai in between the first and second conducting electrode, the organic 
eemloonduator material compriaing an Interfadal region at its interface with 
at least one of IJis first or second electrode in which the conductiviiy of the 
ofganic semiconducting material Is enhanced by doping, the method 
comprising the step of depositing at least one of the first or second 
electrodes from a solution that contains a surface active dopant 

17. A method for forming an electronic device as dairned In daim 16, in which 
said surface active dopant is a surfactant 

18. A method for farming an electronic device comprising a substrate, a first 
conducting electrode, a second conducting electrode spaced away from 
the second conducting electrode, a layer of an organic semiconductor 
material in between the first and second conducting electrode, the organic 
semiconductor material comprising an interfadal region layer at Its 
Interface with at least one of the first or second electrode in which the 
conductivity of the organic semiconductir^ material is enhanced by doping, 
the method comprising the step of depositino at least one of the first or 
second electrodes from a solution that contains molecules of said organic 
semiconductor. 
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19. A method for forming an electronic device comprising a substrate, a first 
conducing electrode, a second conducting electnode spaced awsy from 
the second conducting electrode, a layer of an origanic semiconductor 
mdterial in between the first and second conducting electrode , the onganic 
semiconductor material comprieing an interfacial layer at its interface with 
at Iea9t one of tlie first or aeoond electrode in which the conductivity of the 
organic semiconductor material is enhanced by doping, the method 
comprising the step of depositing at [east one of the first or second 
electrodes from a solution that contains a blockoopolymer With a 
conducting block and a semiconducting block. 

20. A method 1br forming an electronic device comprising a subetrate, a first 

. conducting electrode, a second conducting electrode spaced away from 
the second conducting electrodep a layer of an organic semiconductor 
material in between the first and second conducting electfDde, the onganic 
semiconductor material comprising an Interfadal region at Its Interlace with 
at least one of the flrst or second electrode in which the conductivity of the 
organic semiconducting material is enhanced by doping, the method 
comprising depositing a layer of dopant molecules onto the surface of at 
least one of said first or second electrodes. 
21 .A method as claimed in claim 20 wherein said layer of dopant moiecules is 
deposited by polyelectnclyte setf-assembly. 

22. A method as claimed In any or claims 1 0 to 21 wherein at least one of said 
first or second electrodes comprises a conduoting polymer. 

23. A method as claimed In any of claims 10 to 21 wherein at least one of said 
first or semnd electrodes comprises an inorganic metal that is deposited 
from solution. 

24. A method as claimed In any of claims 10 to 21. wherein said layer of 
organic serrticonductor is a conjugated polymer* 

25. A method as claimed in claim 24, wherein the ionisation potential of said 
conjugated polymer Is less than 5.8eV. 
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26. A method for forming an etectrcmlc device comprising a substrate, a firet 
conducting electrode, a second conducting eiectrode spaced away from 
the second conducting electrode, a layer of an organic semiconductor 
material in between the first and second conducting electrode, the method 
comprising doping the organic semiconductor material at its inieri^ace with 
at least one of the first or second electrode to form an interbcial region at 
that Interfeica In which the conductivity of the organic semiconducting 
material is enhanced. 

27. A rtwthod as claimed In dalm 26. where the organic semiconductor 
material is doped by a component of the said one of the first or second 
electrodes. 
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ABSTRACT 

A method for forming en eiectrontc device comprieing a subsfarate, a first 
conducting electrode, a second conducting electrode spaced away from the 
second condLictlng electrode, a layer of an organic demioonductor material In 
between the first and second mnducting electrode, the organic semiconductor 
material comprising an interfadal region at Its Interface with at least one of the first 
or second electrode in which the conductivity of the organic semiconducBng 
material is enhanced by doping, the method comprising depositing at least one of 
the first or second electrodes from a solution including a dopant for said organic 
semiconductor that Is at>le to diffuse into the organic semiconducting layer to fonm 
the said region. 

Figure 2 
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